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ABSTRACT

Background. Nephrotoxic drugs frequently cause acute kidney injury (AKI) in adult intensive care unit (ICU) patients.
However, there is a lack of large pharmaco-epidemiological studies investigating the associations between drugs and
AKI. Importantly, AKI risk factors may also be indications or contraindications for drugs and thereby confound the
associations. Here, we aimed to estimate the associations between commonly administered (potentially) nephrotoxic
drug groups and AKI in adult ICU patients whilst adjusting for confounding.

Methods. In this multicenter retrospective observational study, we included adult ICU admissions to 13 Dutch ICUs. We
measured exposure to 44 predefined (potentially) nephrotoxic drug groups. The outcome was AKI during ICU admission.
The association between each drug group and AKI was estimated using etiological cause-specific Cox proportional
hazard models and adjusted for confounding. To facilitate an (independent) informed assessment of residual
confounding, we manually identified drug group-specific confounders using a large drug knowledge database and
existing literature.

Results. We included 92 616 ICU admissions, of which 13 492 developed AKI (15%). We found 14 drug groups to be
associated with a higher hazard of AKI after adjustment for confounding. These groups included established (e.g.
aminoglycosides), less well established (e.g. opioids) and controversial (e.g. sympathomimetics with «- and g-effect)
drugs.

Received: 13.12.2022; Editorial decision: 18.6.2023

© The Author(s) 2023. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

2549

GZ0Z 8unp GO Uo Jasn QNN - UeplaT yeysiaAun Aq LEOOZZL/@@Z/ZL/Q L/8[o1e/Bjo/woo dno-olwepeoe//:sdpy woly PPN 1cAL KIDNEY J OURNAL


https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfad160
https://orcid.org/0000-0002-8655-2521
https://orcid.org/0000-0003-0444-8569
mailto:i.a.r.dekom@amsterdamumc.nl
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

2550 | I.A.R.Yasrebi-de Kom et al.

Conclusions. The results confirm existing insights and provide new ones regarding drug associated AKI in adult ICU
patients. These insights warrant caution and extra monitoring when prescribing nephrotoxic drugs in the ICU and

indicate which drug groups require further investigation.

LAY SUMMARY

Acute kidney injury (AKI) is a common problem in adult intensive care unit (ICU) patients and is often caused by
nephrotoxic drugs. However, due to a lack of large pharmaco-epidemiological studies investigating the associations
between drugs and AKI, our knowledge on the nephrotoxicity of drugs is limited. This hampers our ability to improve
medication safety in the ICU. Using real-world data from 13 ICUs on 92 616 ICU admissions, we estimated the
associations between 44 (potentially) nephrotoxic drug groups and AKI whilst adjusting for confounding. In total, 14
groups were associated with a higher hazard of AKI. Our approach confirms existing knowledge and provides new
insights and directions for current ICU practice and follow-up research regarding AKI associated with drugs.

Keywords: acute kidney injury, adverse drug events, confounding, drugs, intensive care units

INTRODUCTION

Acute kidney injury (AKI) is a clinically relevant problem in in-
tensive care unit (ICU) patients. AKIis associated with prolonged
hospital stays and increased morbidity and mortality [1]. Drugs
often play a causal role in the development of AKI and have
been deemed as one of the few preventable causes [2, 3]. Which
drugs may cause AKI and the strength of the relationships are
the subject of debate [4]. Randomized controlled trials provide
limited insights regarding drug side-effects as they primarily
focus on drug efficacy [5]. We therefore need large pharmaco-
epidemiological studies using observational data to gain in-
sights into the nephrotoxicity of drugs [4, 5]. Current pharmaco-
epidemiological research concerning drug-induced AKI has been
limited in several ways [6-8]. First, sample size was often lim-
ited, which hindered the identification of (weaker) associations.
Second, data often lacked appropriate detail, limiting the ad-
justment for confounding. Third, known confounders (according
to etiological information in, e.g. existing literature) were often
not identified and reported, which precluded an (independent)
informed assessment and discussion of potential residual con-
founding. Fourth, aggregation of all or most (potentially) nephro-
toxic drugs into one variable, possibly due to limited numbers
of exposed patients, hindered the identification of drug or drug
group-specific associations.

The paucity of large pharmaco-epidemiological studies that
did address the above limitations has led to an expert opinion-
based ranking of the nephrotoxic potential of 167 drugs in the
ICU setting in a recent study by Gray et al. [4]. The authors of this
study re-iterated the need for large pharmaco-epidemiological
studies to investigate the nephrotoxicity of drugs. In our study
we aimed to help meet this need and attempted to address the
above-mentioned four limitations. We re-used detailed routinely
collected data from electronic health record (EHR) systems of
ICUs located in 13 Dutch hospitals, and investigated the associa-
tions between 44 commonly administered (potentially) nephro-
toxic drug groups and AKI whilst adjusting for confounding.

MATERIALS AND METHODS

This study was part of the project “Towards a leaRning mEd-
ication Safety system in a national network of intensive Care
Units—timely detection of adverse drug Events” (RESCUE). We
report our findings according to the REporting of studies Con-
ducted using Observational Routinely collected health Data for

pharmacoepidemiology (RECORD-PE) guideline (Supplementary
data, S1) [9].

Data sources

We re-used retrospectively collected pseudonimized EHR data
from consecutive admissions to 13 Dutch ICUs from 1 January
2010 to 31 December 2019. The data contained serum creatinine
(SCr) levels, drug administrations, arterial blood pressure mea-
surements and kidney replacement therapy (KRT) treatments.
We enriched these EHR data with controlled and curated ad-
mission characteristics previously collected from the 13 ICUs
via the Dutch National Intensive Care Evaluation quality reg-
istry (NICE) [10]. For this purpose we used the pseudonymized
minimal dataset (MDS) of the NICE registry containing admis-
sion characteristics, (chronic) comorbidities, physiology mea-
surements and the Acute Physiology and Chronic Health Eval-
uation IV (APACHE IV) ICU admission diagnoses and scores.

Patient inclusion

All adult patients with at least two SCr samples during ICU ad-
mission were included: one SCr sample within 24 h of admis-
sion and at least one subsequent SCr sample within 7 days to
allow for a diagnosis of AKI. We excluded admissions with an
APACHE 1V acute renal failure admission diagnosis, admissions
with pre-ICU chronic KRT, admissions with KRT during the ad-
mission but without preceding AKI and readmissions to the ICU.
Furthermore, we excluded admissions with a missing APACHE IV
admission diagnosis or admission type, length, weight, age, sex
or AKI risk factors.

Identification of (potentially) nephrotoxic drugs

We used information available in the online Drug Knowl-
edge Database (https://kennisbank.knmp.nl/) of the Royal Dutch
Pharmacists Association [Koninklijke Nederlandse Maatschap-
pij ter bevordering der Pharmacie (KNMP), in Dutch, https:/
www.knmp.nl/] to identify (potentially) nephrotoxic drugs to
investigate [11]. The KNMP Drug Knowledge Database (KNMP-
DKD) offers comprehensive and up-to-date drug information.
Using the Medical Dictionary for Regulatory Activities (MedDRA)
acute renal failure Standardized MedDRA Query (SMQ) terms
[12] translated to Dutch and complemented with acute renal
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failure terms typically used in Dutch, the side-effects sections
in the KNMP-DKD were searched to identify drugs with AKI as
a potential side-effect (Supplementary data, S2). We aggregated
the identified drugs to drug groups defined by the KNMP-DKD.
To guide the interpretation of our results, we categorized
each drug group as “confirmatory” or “exploratory” by utilizing
the recently published consensus rating regarding the nephro-
toxic potential of drugs commonly administered in the ICU
[4]. Drug groups containing at least one member drug with a
nonzero nephrotoxic potential rating were categorized as “con-
firmatory” and the remaining groups as “exploratory”.

Exposure to (potentially) nephrotoxic drug groups

We recorded systemic exposures (e.g. parenteral or oral) to the
identified drug groups from ICU admission until ICU discharge,
AKI diagnosis or death, whichever occurred first. Exposure to a
drug group was defined as the administration of at least one of
the group’s individual drugs. We coded the exposure variable for
each group as time-varying, with time up to initiation as unex-
posed and from initiation to the outcome as exposed. We delib-
erately did not investigate dose-response relationships because
our aim was to uncover associations between drug groups and
AKI after adjusting for confounding, regardless of dose and du-
ration of use. We included drug groups with at least one mem-
ber drug to which a minimum of 1% of all admissions was
exposed.

Acute kidney injury

The outcome of interest was AKI during ICU admission accord-
ing to the SCr criteria in the KDIGO Clinical Practice Guide-
line for Acute Kidney Injury [13] (https://kdigo.org/guidelines/
acute-kidney-injury/). Since SCr baselines from before ICU ad-
mission were not available, we used the first measured SCr
within 24 h of the ICU admission as the baseline. For AKI staging
we applied the SCr and KRT criteria.

Identification of group-specific confounders through
existing knowledge

We collected known risk factors for AKI from the literature [13-
16] and attempted to find suitable variables or variable con-
structs to represent these factors using our data (Supplementary
data, S3). To identify confounding factors by indication and con-
traindication we manually recorded the AKI risk factors that
were also indications or contraindications for each individual
drug using the KNMP-DKD [11]. The acute AKI risk factors that
were side-effects of a drug were labeled as mediators if the
side-effect frequency was at least 0.1% (Supplementary data,
Fig. S4.1). We aggregated the collected confounders per drug to
the drug groups: if an AKI risk factor was a confounder in any
of the drug group’s members, it was labeled as a confounder for
that group. If an acute AKI risk factor was a mediator for one of
the group’s members, but a confounder for another, we labeled
the AKI risk factor as a mediator for that group (Supplementary
data, Fig. S4.2).

Statistical analysis

We investigated the associations between exposure to each
(potentially) nephrotoxic drug group and AKI using etiological
cause-specific Cox proportional hazard (CSPH) models [17]. We
censored ICU admissions when discharge or death occurred, as
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these were censoring and competing risk events, respectively.
Potential clustering of data within ICUs was addressed by adding
a cluster term in all models. For each drug group we fitted three
CSPH models: (i) unadjusted, (ii) adjusted and (iii) adjusted, but
with “shifted” outcome timestamps. We fitted the latter mod-
els as a secondary analysis to assess the impact of two impor-
tant notions. First, SCris a lagged indicator of renal function [18],
which may lead to protopathic bias. Second, one should con-
sider a plausible time-to-onset of at least 24 h between a drug
exposure initiation and AKI diagnosis for there to be a potential
causal relationship [3]. For this secondary analysis we therefore
re-calculated the outcome timestamps by subtracting 24 h and
re-fitted the adjusted CSPH models. This way, we assumed that
an SCr-based AKI diagnosis occurring at a specific time point
was the result of an injury occurring 24 h earlier, and ignored
any (un)exposed time after this injury during the analysis. We
excluded admissions that experienced the outcome within the
first 24 h of ICU admission, as these admissions would have ex-
perienced their hypothetical “shifted” outcome before ICU ad-
mission.

In the adjusted analyses we adjusted for age, sex, the SCr
baseline, the APACHE IV predicted mortality probability and
all AKI risk factors except the identified group-specific media-
tors. We additionally adjusted for exposure to nephrotoxic co-
medication groups, as defined by the included groups catego-
rized as “confirmatory”. Our approach is illustrated in Fig. 1.

Sensitivity analyses

Recent research suggested several criteria to recognize drug-
induced AKI in clinical practice, including reaching AKI stage 2
or 3 [3]. We therefore investigated the associations between the
included drug groups and AKI stage 2 or 3. In addition, we com-
bined the latter analysis with our secondary analysis.

P-values were adjusted for multiple testing using the
Benjamini-Hochberg procedure [19]. All data analyses were per-
formed in R version 4.0.3 [20].

RESULTS

We included 92 616 admissions from the 13 ICUs (Fig. 2). The
characteristics of the included admissions are presented in
Table 1 (see Supplementary data, S6 for more details).

AKI incidence and selected drug groups

Of the 92 616 included admissions, 13 492 admissions developed
AKI (15%). We included 44 (potentially) nephrotoxic drug groups
in our analyses. The identified confounders and mediators per
drug can be found in Supplementary data, S7. For groups with
only one or two member drugs we specify the drug members at
first mention. For a full overview of the drugs per group we refer
to Supplementary data, S7.

Associations between drug groups and AKI

The results of the CSPH models are presented in Table 2 (this ta-
ble only includes the drug groups associated with a higher haz-
ard of AKI in the adjusted models, see Supplementary data, S8
for the results of all 44 groups). We categorized 19 and 25 drug
group analyses as “confirmatory” and “exploratory,” respectively.
In the unadjusted models, 23 of the 44 investigated groups were
associated with higher hazard of AKI. However, only 14 of these
23 groups were associated with a higher hazard of AKI in the
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Other NDs
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AL Cause-specific Cox
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(e.g. sepsis)
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(p)ND group - > AKI « All AKI risk factors (except mediators)
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Chronic AKI risk factors * Nephrotoxic co-medications
(e.g. liver disease) Adjusted, shifted outcomes
: L Y,
Demographics
ICU Time
admission

Figure 1: Illustration of our approach to investigate the association between each (potentially) nephrotoxic drug group and AKI. The crude association between a drug
group and AKI can be confounded. A confounder is a factor that both (indirectly) affects the administration of the group under investigation and (indirectly) affects AKI
risk. The collection of all confounders may include (1) acute AKI risk factors (e.g. sepsis), (2) chronic AKI risk factors (e.g. liver disease), (3) demographics (e.g. sex) and (4)
other nephrotoxic drugs, illustrated by the boxes with dotted outlines. For each investigated drug group, we identified the group-specific confounders. In addition, we
identified age, sex, the SCr baseline, the APACHE IV predicted mortality probability and known nephrotoxic drugs as confounders for all groups. We measured exposure
to each drug group from ICU admission until the outcome (i.e. AKI, discharge or death) and estimated the association between each group and AKI independent of the
confounders using cause-specific Cox proportional hazard models. See Supplementary data, Fig. S4.1 for group-specific examples of confounding by indication and

confounding by contraindication. (p)ND: (potentially) nephrotoxic drug.

All admissions Less than two SCr samples:

n=133,078 n = 25744

n = 106,833 EZ ?$7r sample every seven days:
1 AT E admission degnosis n = 1248

n = 105,470 Chronic KRT: n = 1,466
i procedng AKL n = 2435
n=101,869 Readmissions to the ICU: n = 7,001
eI
n = 94,821 nMi=ss1if1eg7I:ngth, weight, age or sex:
n=093143 allfsg;g AKI risk factor(s):
n=92,616

Figure 2: Overview of included and excluded admissions with corresponding ex-
clusion criteria.

adjusted models. In the “confirmatory” category, 8 of the 19
(42%) groups were associated with a higher hazard of AKI,
while in the “exploratory” category, 6 of the 25 (24%) groups
were associated with a higher hazard of AKI. The three drug
groups with the highest hazard ratios (HRs) in the adjusted
models were phosphodiesterase inhibitors [enoximone and mil-
rinone, 1.75, 95% confidence interval (CI) 1.50-2.03, P < .001],
loop diuretics (furosemide and bumetanide, 1.73, 95% CI 1.52-
1.96, P < .001) and immunosuppressants (1.67, 95% CI 1.44-1.95,
P < .001).

The HRs in the adjusted models were often similar to the
HRs in the secondary analysis in which we “shifted” the out-
come timestamps by subtracting 24 h. Notable exceptions were
opioids, blood and plasma products (albumin), and antihyper-
tensives (ketanserin; changing from a higher hazard to no
association), other systemic anesthetics (propofol), other anal-
gesics (paracetamol) and carbapenems (meropenem and er-
tapenem; changing from no association to a lower hazard) and
angiotensin-converting enzyme (ACE) inhibitors (changing from
a lower hazard to a higher hazard) (Table 2, Supplementary data,
S8).

The sensitivity analysis investigating AKI stage 2 or 3
as the outcome showed similar results compared with our
main analysis. Notable exceptions were antimycotic antibiotics
(amphotericin B) and antihypertensives (changing from a higher
hazard to no association), calcium antagonists (nifedipine and
verapamil; changing from no association to a higher hazard)
and ACE inhibitors (showing a stronger association with a lower
hazard) (Supplementary data, S9).

The second sensitivity analysis combined the AKI stage 2
or 3 outcome with the secondary analysis (“shifted” outcomes).
The results showed a high impact on the HRs of phosphodi-
esterase inhibitors and sympathomimetics with «- and g-effect,
both no longer associated with a higher hazard of AKI. Further-
more, other systemic anesthetics, other analgesics, carbapen-
ems and cephalosporins changed from no association to a lower
hazard of AKI (Supplementary data, S9).
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Table 1: Characteristics of the included ICU admissions.
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Characteristic

All admissions
(n=92616)

Admissions Admissions
with AKI without AKI
(n =13 492) (n=79124)

Age (years), median (Q1-Q3)

66.0 (56.0-74.0)

68.0 (59.0-76.0)

65.0 (55.0-74.0)

Male sex, No. (%) 58 106 (62.7) 8909 (66.0) 49197 (62.2)
Planned admission, No. (%) 41 830 (45.2) 3645 (27.0) 38 185 (48.3)
Admission type, No. (%)
Medical 36 151 (39.0) 7053 (52.3) 29 098 (36.8)
Emergency surgical 11754 (12.7) 2488 (18.4) 9266 (11.7)
Elective surgical 44711 (48.3) 3951 (29.3) 40760 (51.5)
Length of stay (days), median (Q1-Q3) 1.5 (0.9-3.5) 5.2 (2.2-12.2) 1.1 (0.9-2.7)
APACHE IV score, median (Q1-Q3) 41.0 (30.0-59.0) 65.0 (50.0-88.0) 38.0 (28.0-53.0)
ICU mortality, No. (%) 7309 (7.9) 3712 (27.5) 3597 (4.5)
Hospital mortality, No. (%) 10770 (11.6) 4634 (34.3) 6136 (7.8)
SCr baseline (mg/dL), median (Q1-Q3) 0.9 (0.7-1.2) 1.3 (0.9-1.8) 0.9 (0.7-1.1)
KRT during admission, No. (%) 2734 (3.0) 2734 (20.3) 0(0.0)
AKI stages, No. (%)
Stage 1 8449 (62.6) 8449 (62.6)
Stage 2 1242 (9.2) 1242 (9.2)
Stage 3 3801 (28.2) 3801 (28.2)
Time between ICU admission and AKI (h), 24.3 (13.6-41.4) 24.3 (13.6-41.4)
median (Q1-Q3)
Acute AKI risk factors, No. (%)
Acute heart failure 9879 (10.7) 2782 (20.6) 7097 (9.0)
Burns 41 (0.0) 5 (0.0) 36 (0.0)
Graft or transplant surgery 19 938 (21.5) 1964 (14.6) 17 974 (22.7)
Hypotension 25 464 (27.5) 5117 (37.9) 20 347 (25.7)
Hypovolemia 2209 (2.4) 465 (3.4) 1744 (2.2)
Major surgery 55 226 (59.6) 6181 (45.8) 49 045 (62.0)
Mechanical ventilation 61 425 (66.3) 10 812 (80.1) 50 613 (64.0)
Sepsis 15 324 (16.5) 3984 (29.5) 11 340 (14.3)
Trauma 4351 (4.7) 456 (3.4) 3895 (4.9)
Chronic AKI risk factors, No. (%)
Alcohol abuse 9981 (10.8) 2469 (18.3) 7512 (9.5)
Cardiovascular disease 28923 (31.2) 3716 (27.5) 25207 (31.9)
Chronic kidney disease 3365 (3.6) 1397 (10.4) 1968 (2.5)
Chronic pulmonary disease 12172 (13.1) 2045 (15.2) 10127 (12.8)
Diabetes mellitus 15593 (16. 8) 2850 (21. 1) 12743 (16.1)
Liver disease 1189 (1.3 330 (2.4 859 (1.1)
Malignancy 12 894 (13. ) 1493 (11. ) 11401 (14.4)
Obesity 18 503 (20.0) 3189 (23.6) 15 314 (19.4)

See Supplementary data, S6 for more details.

Finally, of all 44 investigated drug groups, 7 groups con-
sistently showed an association with a higher hazard of AKI
across all our analyses: glycopeptide antibiotics (vancomycin
and teicoplanin), sulfonamides (co-trimoxazole), aminoglyco-
sides, penicillins, antiarrhythmics, loop diuretics and immuno-
suppressants. All of the latter seven groups, except the antiar-
rhythmics, were categorized as “confirmatory” (Supplementary
data, S8 and S9).

DISCUSSION

We sought to investigate the associations between commonly
administered (potentially) nephrotoxic drug groups and AKI in
adult ICU patients whilst adjusting for confounding. Using ex-
isting etiological knowledge obtained from literature and a drug
knowledge database, we identified group-specific confounders
to aid the (independent) informed assessment of our results. Of
the 44 investigated drug groups, 14 were associated with a higher
hazard of AKI in our main adjusted analysis. Seven of the latter

groups remained associated with a higher hazard of AKI across
the secondary and sensitivity analyses. Below, we discuss our
main findings.

Drug groups associated with a higher hazard of AKI

Most of the identified drug groups associated with higher haz-
ard of AKI are in line with previous research [3, 14, 21-28] and the
recent consensus-based list of nephrotoxins [4]. While the rela-
tionship between some of these drugs and AKI has been stud-
ied extensively (e.g. aminoglycosides, antimycotic antibiotics
and immunosuppressants), data on other drugs are scarce (e.g.
opioids). Surprisingly, phosphodiesterase inhibitors and sympa-
thomimetics with - and g-effect were relatively strongly asso-
ciated with a higher hazard of AKI in our main analysis. Yet, at
present, no clear empiric evidence of harm from the use of these
drugs in the ICU setting with respect to AKI is available. Previ-
ous reports have presented potential mechanisms by which AKI
may occur due to these drug groups, including hypotension and
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Table 2: Unadjusted, adjusted, and adjusted, shifted outcomes HRs and 95% ClIs for the included drug groups that were associated with a

higher hazard of AKI after adjustment.

Adjusted, shifted

Fraction outcomes

admissions Unadjusted HR Adjusted HR (n =49 933) HR Analysis
Drug group exposed (95% CI) (95% CI) (95% CI) category
Opioids 0.64 1.57 (1.31-1.89)"** 1.40 (1.24-1.57)"** 1.23 (1.02-1.48) C
Glycopeptide antibiotics® 0.04 2.03 (1.74-2.36)"** 1.55 (1.34-1.79)** 1.50 (1.28-1.77)*** C
Sulfonamides® 0.02 1.86 (1.67-2.08)"* 1.48 (1.35-1.63)"* 1.86 (1.72-2.01)** C
Aminoglycosides 0.06 1.93 (1.63-2.29)** 1.46 (1.32-1.61)"* 1.38 (1.18-1.63)"** o
Antimycotic antibiotics® 0.01 2.11 (1.80-2.47)** 1.31 (1.24-1.39)** 1.48 (1.30-1.68)** C
Penicillins 0.06 1.63 (1.46-1.82)"* 1.28 (1.11-1.47)** 1.35 (1.14-1.61)*" C
Phosphodiesterase inhibitors? 0.16 2.28 (1.86-2.80)"* 1.75 (1.50-2.03)*** 1.47 (1.17-1.84)*" E
Antiarrhythmics 0.09 2.60 (2.30-2.93)"** 1.64 (1.47-1.84)** 1.69 (1.51-1.88)*** E
Loop diuretics® 0.24 1.94 (1.69-2.22)* 1.73 (1.52-1.96)** 1.38 (1.24-1.53)* C
Sympathomimetics with «- and B-effect 0.59 2.49 (2.06-3.01)"* 1.66 (1.42-1.93)** 1.23 (1.05-1.44)* E
Blood and plasma products® 0.08 1.87 (1.21-2.89)*" 1.38 (1.09-1.75)* 1.24 (0.97-1.57) E
Antihypertensivesg 0.02 1.77 (1.44-2.17)** 1.26 (1.13-1.39)** 1.13 (0.98-1.30) E
Plasma replacement products® 0.07 1.60 (1.38-1.85)"*" 1.26 (1.12-1.42)*** 1.32 (1.18-1.48)"* E
Immunosuppressants! 0.01 3.02 (2.72-3.36)"* 1.67 (1.44-1.95)** 1.91 (1.66-2.21)*** @

The table is sorted on the adjusted HRs within related drug group collections separated by dashed lines. The last column depicts the analysis category (i.e. confirmatory

or exploratory). See Supplementary data, S8 for the results of all 44 included drug groups.

*P < .05, P < .01, *P < .001 (P-values adjusted for multiple testing).
aVancomycin and teicoplanin.

bSulfamethoxazole in combination with trimethoprim (co-trimoxazole).
¢Amphotericin B.

dEnoximone and milrinone.

¢Furosemide and bumetanide.

fAlbumin.

8Ketanserin.

"Hydroxyethylstarch.

iExcluding corticosteroids.

C: confirmatory; E: exploratory.

excessive accumulation of metabolites for phosphodiesterase
inhibitors [29, 30] and renal vasoconstriction and decreased per-
fusion for sympathomimetics with «- and g-effect [14, 31]. How-
ever, improved renal outcomes have also been described [32-34].
Our estimates for sympathomimetics with «- and g-effect may
have been biased by unmeasured hypotension events before ICU
admission, leading to confounding by indication. Furthermore,
both drug groups showed lower HRs in our secondary analysis
(“shifted” outcomes) and no longer showed an association after
combining the latter analysis with the AKI stage 2 or 3 outcome.
Note however, that these findings are compatible with both pro-
topathic bias and a very rapid rise in SCr.

Drug groups not associated with AKI

Our results provided new insights for several highly debated
drug groups: iodinated contrast media and proton pump in-
hibitors. This study supports previous findings showing no
higher hazard of AKI with these groups in our analyses [35, 36].
The nonsteroidal anti-inflammatory drug (NSAID) excluding sal-
icylates group was not associated with a higher hazard of AKI,
which is surprising as increased risk of AKI with NSAID use is
well documented [37]. Previous research found a lower odds of
AKI with NSAID use in ICU patients between 16-25 years old
and suggested this to be caused by confounding by contraindi-
cation [38]. We observed a higher HR for this drug group after
adjustment, which suggests that confounding by contraindica-
tion indeed plays a role. Residual confounding by contraindica-
tion through chronic hypertension and smoking—two AKI risk

factors which were not available in our data—might provide fur-
ther explanations for our findings.

Drug groups associated with a lower hazard of AKI

Several of the investigated drug groups were associated with
lower hazard of AKI, including other blood glucose-lowering
agents, ACE inhibitors and anti-epileptics. Metformin (other
blood glucose-lowering agent) has recently been associated with
several pleiotropic effects, including a renoprotective effect [39].
Although this is in line with our main analysis, the protective
association was not confirmed in the secondary and sensitivity
analyses. Our main analysis showed that ACE inhibitors were
associated with a lower hazard of AKI. While our “shifted” out-
comes analysis showed a higher hazard of AKI for ACE inhibitors,
the association disappeared when combining this analysis with
AKI stage 2 or 3 as the outcome. As noted above, we were un-
able to adjust for chronic hypertension, which may have re-
sulted in an overestimation of the HR for this group due to
residual confounding by indication. ACE inhibitors are widely
regarded as agents that can cause AKI [25], as also identified
in the recent consensus-based list of nephrotoxins [4]. Yet, the
current evidence for the prevention of AKI by stopping ACE in-
hibitors is limited and may be confounded [40]. Previous liter-
ature suggests that ACE inhibitors may cause a transient and
relatively small rise in SCr without causing an injury to the
kidneys, and may even be renoprotective [40-42]. We hypoth-
esized that a reversible fall in glomerular filtration rate due to
ACE inhibitors through their effects on intrarenal hemodynam-
ics (auto-regulation) may be less of an issue in ICU patients.
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This because the hemodynamic support in the ICU is well main-
tained making low intraglomerular pressure uncommon. Lastly,
anti-epileptics were consistently associated with a lower haz-
ard of AKI across all our analyses. Interestingly, the second most
frequently administered anti-epileptic in our database, valproic
acid, has recently been shown to protect against AKI in animal
models of polytrauma and hemorrhagic shock [43]. However, it
is not yet clear whether valproic acid may have caused positive
renal responses through improved hemodynamics or direct pro-
tection against kidney injury [44].

It is important to note that the estimated associations af-
ter adjustment for confounding reflect the average situation in
clinical practice rather than the average intrinsic nephrotoxi-
city in the ICU population. The associations are an aggregate
of the intrinsic nephrotoxicity combined with potential (post-
administration) mitigations of nephrotoxicity in clinical prac-
tice. Mitigations may for example include dosage adjustments,
therapeutic drug monitoring or better hemodynamic monitor-
ing and support. This way, AKI due to known nephrotoxic drugs
might be prevented in clinical practice and thus not be reflected
in the estimated associations. Investigations of such mitigations
may uncover reasons why a known nephrotoxic drug is infre-
quently causing AKI, but will not change the average associa-
tion that may correctly reflect the average causal effect in clini-
cal practice.

Strengths and limitations

This study has several strengths. We investigated a large col-
lection of 44 drug groups, including groups that are perceived
as having an established (categorized as “confirmatory”), less
established or even controversial (categorized as “exploratory”)
nephrotoxic effect. We systematically identified group-specific
confounders by leveraging existing knowledge from the litera-
ture and a comprehensive drug knowledge database that is up-
to-date and in accordance with clinical practice policies. This
enabled us to identify confounders and potential residual con-
founding in a group-specific manner. Obtaining insight into HRs
for drug groups containing pharmacologically similar drugs is
an important step forward to support decision-making at the
bedside when ICU physicians need to take into account risks of
many drugs simultaneously. Furthermore, we re-used routinely
collected data from EHR systems enriched by quality registry
data of almost 100 000 admissions to 13 ICUs over 10 years. This
allowed us to capture relatively weak associations in the adult
ICU population. Our results contribute to much needed evidence
for associations between drugs and AKI [4, 41].

This study also has limitations. First, we did not include the
urine output (UO) KDIGO AKI criterion, which may explain the
relatively low AKIincidence of 15% [45]. In line with many previ-
ous experiences, the registered UO data were incomplete, highly
heterogeneous and missed the required resolution to be re-used
in our study [45-47]. Yet, drug-induced AKI is often non-oliguric
(e.g. for aminoglycosides) [48, 49]. Utilization of the UO criterion
may therefore not be self-evident in the study of drug-induced
AKI, as it could lead to a major “dilution” of the association be-
tween a drug and AKI or even a failure to identify the associa-
tion. Promising additional markers exist to detect AKI, such as
cystatin C [50]. Observational studies using EHR data like ours
are—however—limited by the content registered in EHR systems
as a reflection of current practice. This is well illustrated by the
availability of the cystatin C marker in only three patients of
only one of the included ICUs’ EHR database in our study. There-
fore, we prioritized the consensus based definition of AKI as pro-
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vided in the KDIGO AKI guideline. SCr-based AKI detection cur-
rently presents the most suitable method for the application in
large retrospective EHR databases [51]. Second, no pre-ICU SCr
data were available, which hindered the assessment of baseline
kidney function and precluded investigating stage worsening of
pre-existing AKIs during ICU stay. Given that no gold standard
exists to impute baseline SCr [52], we used the first SCr at ICU
admission as our baseline. Ideally, we would have used histori-
cal SCr values to estimate baselines. However, linking data from
multiple and diverse EHR systems of general practitioners and
hospitals is very complex from interoperability, privacy and legal
perspectives [53-55]. Acquiring pre-admission SCr data and link-
ing it to our ICU dataset would therefore have required time and
financial resources that would be disproportionate to the fund-
ing of our project. Although the first SCr value at admission can
be elevated and may therefore lead to missing AKIs, this may
not necessarily be the case given the time lag between kidney
function and SCr, especially in acute settings [46]. Recommenda-
tions from a recent review on the definitions of kidney function
measures in observational studies using routine healthcare data
amounted to the clear reporting of the approach, including the
AKI definition and baseline SCr definition [46]. Third, EHR data
are primarily collected for clinical and billing purposes, and us-
ing such data for research may introduce important limitations
[56]. However, most of the AKIrisk factor variables were obtained
via the NICE MDS registry database which is under strict data
quality control [10]. Furthermore, the variables collected directly
via machines or other systems (e.g. blood pressure measure-
ments or SCr laboratory measurements) are less prone to quality
issues. Fourth, some of our data on acute AKI risk factors were
limited to data collected on the ICU admission day and lacked an
exact timestamp (e.g. for acute heart failure and hypovolemia).
This limited our ability to adjust for acute AKI risk factors that
developed after the day of admission. We attempted to mitigate
the lack of an exact timestamp by identifying group-specific me-
diators through existing knowledge and not adjusting for these
factors in the respective models. Fifth, our data on drug adminis-
trations did not contain pre-ICU exposures, which prevented us
from adjusting for pre-ICU nephrotoxin exposures. Lastly, as in
any observational study investigating potential causal relation-
ships, unknown confounders may have biased our estimates. We
urge readers to place the estimated associations in the context
of existing knowledge regarding nephrotoxicity (e.g. the “confir-
matory” or “exploratory” categorization), our ability to adjust for
the identified group-specific confounders and the limitations of
the EHR database available to our study.

Implications for clinical practice

For many drug groups the nephrotoxicity has been firmly es-
tablished and is in line with our results. For these groups ICUs
should implement strategies to prevent or at least reduce sever-
ity of AKI due to nephrotoxicity. Clinical decision support sys-
tems [57], implementation of clinical pathways [58] and nephro-
toxin stewardship [59] have all shown promising results to attain
such improvements in kidney safety in ICU patients.

Implications for future research

Future research may focus on investigations of individual drugs
within the drug groups that were associated with higher haz-
ard of AKI in our study. These investigations could encompass
the adjustment for potential time-varying confounding effects
and the assessment of potential effect modifiers such as chronic
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kidney disease. Furthermore, the study of dose-response rela-
tionships may uncover whether the associations found in our
study are dose-dependent. Ultimately, approaches utilizing the
target trial emulation framework are warranted as these may
provide stronger evidence for the presence or absence of causal
relationships [60]. Such research can aid the development of
novel treatment policies which may minimize drug-induced AKI
risk. Importantly, as evident from our discussed limitations,
more detailed and accurate EHR data are needed to facilitate the
optimal adjustment for confounding and measurement of AKI.

CONCLUSION

In conclusion, we identified 14 drug groups associated with a
higher hazard of AKI in the ICU after adjusting for confound-
ing. To the best of our knowledge, we provide the first esti-
mations after systematic identification and reporting of group-
specific confounders identified through existing knowledge. Our
results provide important clinical implications and stimulate re-
searchers to further investigate potential causal relationships
between drugs and AKI in ICU patients.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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